The effect of a preexisting crack with different inclination angles and lengths on mechanical properties, fracture initiation, and propagation in a Brazilian disc was investigated in this paper. In the experiment, digital image correlation (DIC) method was employed to record the deformation in the specimen. Different failure patterns, depending on inclination angles and lengths of the preexisting crack, were observed. The fracture initiation position deviates from the tips of the preexisting crack with the inclination angle increasing from 0 ∘ to 72 ∘ at an interval of 18 ∘ per increment. Secondary cracks are more likely to occur in the Brazilian disc with a more inclined and longer preexisting crack. A finite-discrete element combined method ELFEN was used in the numerical investigation to simulate the failure process. This investigation shows that there are good correlations between the experimental and numerical results. Digital image correlation is a good method to obtain the quantitive full-field strain distribution and to observe the strain evolution process in a jointed rock.
Introduction
As the main material of mining and civil engineering, rock deformation and failure may cause interruption in mining and building activities, or even significant safety hazards [1] [2] [3] . With the growing demands for resources and the substantial increase in underground activities, rock mechanical behavior is of major importance in civil projects, mining engineering, and mineral exploration related operations [4] . Rock mass usually contains a large number of microcracks, voids, and microdefects due to environmental effects during the diagenetic process. This emphasizes the need to better understand the failure of rock structures consisting of flaws and cracks.
To study the tensile characteristics of rock-like materials, the Brazilian test is an indirect method that has been suggested by the International Society for Rock Mechanics [5] because of convenient specimen preparation and simple test implementation. Zhou et al. [6] extended the Brazilian disc test to the coupled static and dynamic load condition. Dynamic Brazilian tests were conducted on layered phyllite specimens by Qiu et al. [7] to investigate the dynamic mechanical response of layered rocks. Luo et al. [8] studied static and dynamic tensile behaviors of rock-shotcrete interface under the Brazilian test. A Brazilian disc with a preexisting inclined crack is a classic case of mixed mode fracturing. Early work was done by Awaji and Sato [9] and Atkinson et al. [10] in the 1970s and 1980s, who gave explicit results of stress intensity factors (N I and N II ) depending on the notch length and inclination angle and then determined the Mode I and Mode II fracture toughness by using this centrally cracked disc. Jia et al. [11] firstly employed laser holographic interferometry and reflection photoelasticity to study the fracture properties of center notched concrete specimens subjected to combined stress condition with the effect of the loading rate. In recent years, a Brazilian test with a preexisting inclined crack has been a subject of considerable research interest. Geometry and size effect on the fracture trajectory in a limestone rock under mixed mode loading was investigated experimentally and theoretically by Aliha et al. [12] and it was then stated that the size affects the initiation angle, while it has no significant effect on the fracture trajectory. Erarslan and Williams [1] conducted static and cycling diametrical compression tests on the inclined cracked chevron notched Brazilian disc and found that the opening or closure of the preexisting crack, the crack initiation angle, and initiation point are strongly influenced by its inclination angle and the loading condition. Fracture initiation and propagation, depending on the frictional resistance of the preexisting crack, were studied by Cai [13] using a finitediscrete element combined method ELFEN. It was observed that the wing crack's initiation locations deviate from the crack tips and the secondary cracks also deviate slightly from the in-line direction of the preexisting crack as the frictional resistance increases. A full-field stress distribution at two stages was also presented in his investigation as many scholars did. However, few studies have focused on the global strain field in the disc specimen with a preexisting crack. The measurement of rock deformation is of great importance for the experimental study on rock mechanics and the method we often used is strain gauge method. However, the inhomogeneous deformation generated in the precracked disc cannot be simply reflected by strain gauges because strain gauges can only be used for a single point, and they are incapable of revealing a global strain response to the applied loads. In recent years, therefore, some optical methods such as Moiré interferometry [14] , holographic method [15] , photoelastic method [15, 16] , and digital image correlation method [17] have been developed and employed in some fracture tests. Based on the advantages such as full-field noncontact, low environmental requirements, and excellent adaptability, DIC method, short for digital image correlation method, has drawn rather considerable interest in the past decades. Ma et al. [17] designed a Geo-DSCM system to analyze the damage evolution and failure procedure of a borehole rock structure and reported that the deformation localization initializes at the vulnerable area of the structure. Experimental investigation on the failure process of brittle materials with a preexisting open-hole defect was carried out by utilizing a 3D digital image correlation method [18] . Threedimensional digital image correlation was also applied in uniaxial compression tests on sandstone by Munoz et al. [19] and the prepeak coupled with postpeak strain characteristic during the compression was provided by this 3D DIC method in a straightforward way. Lin et al. [20, 21] performed fracture tests on sandstone specimens under three-point bending, in which the maximum crack opening displacement and the length of the localized damage zone were measured by the digital image correlation method. A series of experiments based on DIC technique have been conducted by Ji et al. [22, 23] and a detailed analysis was performed to determine the fracture modes. All these studies indicate that DIC method shows its superiority in crack initiation, propagation, and failure process in experimental studies on rock mechanics.
In this paper, fracture initiation and propagation in a Brazilian disc with a preexisting crack have been studied experimentally with the aid of DIC method and numerically using a finite-discrete element combined method ELFEN, with particular attention to the inclination angle and length of the preexisting crack. The main objectives are (i) to identify how the inclination angle and length will affect fracture initiation, propagation, and failure process and (ii) to investigate the applicability of the DIC method to crack propagation under static diametral compressive loading. The full-field strain distribution in the notched disc was also given dynamically using the DIC method.
Specimen Preparation and
Testing Procedure
Specimen Preparation.
A metamorphic rock, that is, marble from Hunan, China, was used in the experiment. Marble cores were drilled from a bulky block and were then sliced into discs with an identical thickness (20 mm). Water-jetting equipment with a 0.8 mm diametral nozzle was employed to prepare a straight through notch (see Figure 1 (a)) and a diamond wire saw with a piece of 0.26 mm wide wire was used to obtain a sharp crack tip. The geometry of the central straight through Brazilian disc (CSTBD) is illustrated in Figure 1(b) . The radius of the specimens, , is 25 mm, [5] . Table 1 lists material parameters of the marble, including the density ( ), the uniaxial compressive strength (UCS), tensile strength ( ), Young's modulus ( ), and Poisson's ratio ( ). The full-field deformation in the notched discs was obtained owing to the application of the DIC method, which relies on a contrasting random texture as a speckle pattern on the surface of the specimen [24] . The artificial speckle pattern was created by the following steps: firstly, white paint was evenly sprayed onto the surface as a base coat; then, black paint was randomly sprayed onto the same surface after the base color was dried [25, 26] . The speckle pattern is required to be nonrepetitive, isotropic, and contrasty enough to permit the software to be able to identify and to calculate the deformations. A typical speckle pattern on the object is shown in Figure 1 (c).
Digital Image Correlation Method.
The DIC method is an optical technique which utilizes the full-field, noncontact, and high precision measurement of deformations and displacement. The system consists of an image acquisition system and calculation software named GOM Correlate from a German company.
The image acquisition system, as sketched in Figure 2 , includes a monochrome digital camera, a computer, a loading system, and stable light sources [22] . Firstly, adjust the sampling frequency of the digital camera depending on the loading rate; secondly, ensure the stability of light sources to obtain essentially constant grey value; then, acquire digital images of the speckle pattern created on the specimen surface continuously using the monochrome digital camera; finally, store these images into the computer via data transfer services [23] .
This calculation technique starts with a reference image taken before loading, which is compared with a series of pictures during the loading period [24, 27] . An assumption is proposed that the grey value of the images remains the same before and after the deformation [23] . First of all, select a region of interest (ROI) on the specimen surface; then, divide this region into numbers of subsets; search for the corresponding subsets after deformation based on the assumption and calculate their displacement; finally, a deformation or displacement distribution map is created thereafter [21, 28] . Figure 3 , rock specimens were subjected to quasi-static load by a servocontrolled hydraulic machine (MTS Landmark system by MTS Inc.), whose stiffness is enough to avoid elastic energy to accumulate in the machine, in the Advanced Research Center at Central South University. This testing machine has a loading capacity of 100 kN and the loading rate is very low, resulting in displacement not exceeding 0.1 mm/min. A portable lamp was used to lighten the speckle pattern, and a charge-coupled device (CCD) camera (Basler PiA2400-17gm) was adopted to acquire digital images during the loading process. The camera position was adjusted to make its lens parallel to the specimen surface as much as possible, and the focal length was also adjusted to make the image clear. The resolution of the camera was set to 2448 × 2050 pixels and the length-to-pixel ratio of the imaging system is 0.0588 mm/pixel. The CCD camera was programmed to capture the images automatically at a frame rate of a picture every 50 ms, and this frame rate is suitable to capture and to store a large number of images for further calculations. A typical image recorded is presented on the top right corner of Figure 3 .
Loading Setup and Test Procedure. As shown in
The crack opening displacement was measured by the COD extensometer device, as seen in Figure 4 . Two pieces of metal components were attached onto the rock surface by two sides of the preexisting crack and a sensor was used to gauge the deformation of the perpendicular direction between the metal components. Therefore, the crack opening displacement was obtained during the loading process.
By the DIC method, deformations in Brazilian discs with preexisting cracks under diametral compression test were measured. Three types of specimens with various lengths of the preexisting crack were used in the experimental investigation, which are 15 mm, 20 mm, and 25 mm. The inclination angle ( ) of the preexisting crack, as seen in Figure 1(b) , was varied to study the effect of the notch orientation on fracture initiation, propagation, the ultimate bearing capacity, and fracture pattern of the discs. The inclination angle varied from 0 ∘ to 72 ∘ at an interval of 18 ∘ per increment. rock. The finite-discrete element combined code ELFEN, developed by Rockfield Software Ltd., was employed in the present study. The ELFEN code simulates the transition of a rock mass from a continuum state to a discontinuous state seamlessly. If the fracture criterion within the intact rock (represented by FEM) is met, a crack (represented by DEM) will be initiated [29] . Recent applications of ELFEN [13, 29] have demonstrated the validity of this FEM-DEM combined approach. The FEM-DEM combined ELFEN was employed to simulate fracture initiation and propagation in a Brazilian disc with a preexisting crack under diametrical compression. The geometry and size of the numerical model are consistent with those of the specimens in the experiment. Mechanical parameters of marble in Table 1 are also input to compute in the explicit time-integration procedure. The Rankine rotating fracture model, which has two distinct material parameters (tensile strength and fracture energy), is used in our simulation. This model is designed for modelling tensile failure of brittle materials such as rock, glass, and ceramic. For a very brittle material, small fracture energy should be used [13] and we choose 0.1 N/mm for marble in this study. Young's modulus and Poisson's ratio of the loading platens are 200 GPa and 0.2, respectively. The loading platens are modelled as an elastic material, while the discs are modelled as a plastic material. A constant vertical velocity is applied to the upper platen and an equal reverse velocity is also applied to the lower platen to simulate displacement controlled loading. Figure 5 shows the mesh generation in the disc, in which very fine mesh was observed in the vicinity of the preexisting crack where stress concentration is expected.
Results and Discussion

Mechanical Results.
Disc specimens with different crack lengths (2 = 15 mm, 20 mm, and 25 mm) were loaded at various inclination angles ( ) under static diametral compression, ranging from 0 ∘ to 72 ∘ . Load, vertical displacement, and crack opening displacement were continually recorded during each test using a computerized data logger. Figure 6 shows the load-vertical displacement relation. As can been seen, if the preexisting crack is parallel to the loading direction ( = 0 ∘ ), no matter how long the crack is, the load rises again after the first drop and ultimately drops to a really low value. The first drop occurs due to the generation of visible macrocracks and the failure of the notched disc. However, two halves of the broken disc do not fall down because they are clamped by two loading platens. The loading plates are still in contact with the damaged specimen. The applied load continues to rise until the fragments fall down from the loading platform. During this period, a secondary crack is generated. Then, the load declines rapidly again, to a really low value. However, a second rise was not observed in other cases, which perhaps results from the sliding effect during the propagation of the new generated cracks when the preexisting crack is inclined. The fractured disc falls down once the macrocracks run through the specimen and the applied load declines. During the load decline, a secondary crack perhaps occurs. Therefore, only one drop in the loaddisplacement curve was observed. Figure 7 gives the ultimate failure load of the notched discs. It is easy to find that the failure load decreases as the crack length increases from 15 mm to 25 mm under a constant inclination angle. This may be due to a shorter rock bridge for longer preexisting crack. Therefore, rock mass with a longer crack is able to carry a lower load. Another interesting finding is that the failure load decreases first and then increases with increasing and reaches its minimum at the angle of 54 ∘ . The reason needs to be further studied theoretically. Figure 8 , the crack opening displacement (COD) was also monitored continuously until failure for each test. It is clear that all the notched cracks opened for values of up to 18 ∘ , no matter how long the crack is. These open cracks result from effective normal tensile stress perpendicular to the crack plane [1] . As seen in Figure 8 , for = 36 ∘ , the notched cracks initially closed slightly and then opened. This slight closing displacement is smaller than 0.005 mm. For = 54 ∘ , the notched cracks also closed initially and ultimately opened; however, their closing displacement is much greater. The cracks close if they are oriented at an angle of 72 ∘ . The cracks with different lengths show a similar response. The opening or closure of the preexisting crack depends more on its orientation than on its length. Another important observation from the COD-time plots is that the crack closing displacement increases with increasing the length of the preexisting crack from 15 mm to 25 mm under a constant inclination angle (see Figure 9 ). Under a constant crack length, the closing displacement also increases as the inclination angle increases from 36 ∘ to 72 ∘ . It is concluded that a more inclined and longer crack facilitates itself to close. As seen in Figure 10 , the increment of the maximum closing displacement due to the longer crack Δ 1 is smaller than that owing to the more inclined crack Δ 2 . Therefore, it is concluded that the influence of the inclination angle on its closure behavior is greater than that of the length.
Crack Opening Displacement Results. As shown in
The crack opening displacement was also measured by the DIC method. As seen in Figure 11 , an "extensometer" was constructed in GOM Correlate to measure the distance between two points (points A and B) located at two sides of the preexisting crack. The direction between these two points is perpendicular to the preexisting crack plane. The result measured by the DIC method is compared with that monitored by the COD extensometer device, and an example is presented in Figure 12 . It can be seen that the overall trends of the crack opening displacement measured by the two methods are similar to each other. The crack initially closed and finally opened in this example. It was clearly observed that the COD-time curve by the DIC method is much jittery. In addition, a slight deviation of the exact value of the crack opening displacement between the two methods was also noted. This may be due to the two-dimensional DIC method we used to measure perpendicular distance in plane. There will still be a slight deviation even though the camera position was adjusted to make the camera lens as parallel as possible to the specimen surface. However, the COD extensometer device is a kind of three-dimensional technique to measure the perpendicular direction displacement in three-dimensional space. Therefore, as indicated in Figure 12 , the result measured by the DIC method is a little different from that monitored by the COD device. But the variation tendency is coincident. Therefore, the DIC method can also be used to investigate the crack opening displacement of the preexisting crack to some extent.
Failure Patterns.
The deformation evolution process and fracture initiation and propagation were tracked by the DIC system, and five examples with an identical length of the preexisting crack (15 mm) are presented in Table 2 . Figure 13 shows the load-vertical displacement relation for the disc specimen with a 15 mm long preexisting crack oriented at 54 ∘ , whose principal strain contours during crack propagation are presented in the penultimate line of Table 2 , where the load stages correspond to the five marked red points (a, b, c, d , and e) in Figure 13 , respectively. Based on the five principal strain contours and the load-displacement curve, five stages were discussed. As seen in Table 2 (a), there is no initial strain around the preexisting crack or somewhere else before the diametrical compression test. It can be seen from the strain contour (b) that high strain zone appears near the two tips of the preexisting crack, which indicates that stress concentration initially occurs around the tips. The tensile Note. In the specimen number, M means marble, the first number means the length of the preexisting crack, the second number means the serial number, and the third number represents the inclination angle. strength of marble is 4.97 MPa; therefore, the limit strain is calculated by (1) according to the second strength theory:
where lim is limit strain, is tensile strength, and is elastic modulus. The limit strain is 120 * 10 −6 , while the maximum strain in (b) is 2260 * 10 −6 from the legend in the right corner, which exceeds the limit strain evidently. Therefore, several microcracks initiate near the tips of the preexisting crack. The minimum principle stress distribution based on numerical simulation at the two loading stages is presented in Figure 14 (positive as tension). At the moment corresponding to column (b) in Table 2 , the stress distribution is shown in Figure 14 (a). It can be seen that high tensile stress zones occur near the tips of the preexisting crack. When tensile stress reaches tensile strength of the material, wing cracks are initiated. Wing cracks were clearly observed in column (c), Table 2 . The propagation track of the new generated cracks progressively gets close to the maximum compressive stress direction. As seen in (d), the wing cracks penetrate the whole specimen. At this time, the load reaches its peak value and then it decreases quickly. Meanwhile, the macroscopic fracture was observed. High tensile stress zones move to the disc boundary thereafter (in Figure 14(b) ). Then, a secondary crack, which is subparallel to the preexisting plane, starts to appear from the disc boundary and propagates towards the tips of the preexisting crack, as seen in (e), at a load level of about 4/5 of the peak load in Figure 13 . Therefore, wing cracks and secondary cracks are both tensile in nature, which is supported by a previous study [13] . The white (empty) areas indicate compression zones due to the specific contour ranges of 0-5 MPa. It is clearly seen that the compression zones occur at the loading end and in the opposite locations of tensile stress concentration, which is supported by a previous study [30] .
Discussions.
The influence of the inclination angle on crack initiation, propagation, and final failure patterns is summarized in Table 2 . It can be seen that high strain zones initially occur around the tips of the preexisting crack and the high strain zones eventually break through the notched disc. If the preexisting crack is parallel to the loading direction, the new cracks initiate at the tips and propagate along the loading direction. Secondary cracks were also observed at the loading end. For the cracks with small inclination angle ( = 18 ∘ ), the wing cracks also initiate at the tips. As the inclination angle increases, the wing cracks initiation positions deviate from the tips and move towards the disc center. It is a pity that the occasion in which = 90 ∘ was not included in our experiment. Therefore, a numerical simulation was performed and the final result is shown in Figure 15 . It can be seen that there is a limit to bound the wing crack initiation position even if the preexisting crack is perpendicular to the loading direction. The wing cracks will not start from the disc center due to the existence of the defect. As load increases, the wing cracks propagate towards the loading platens. The secondary cracks, which are subparallel to the preexisting crack, were observed only when the inclination angle is relatively large, that is, 54 ∘ and 72 ∘ , after the wing cracks run through the specimen. A secondary crack also occurs if the inclination angle is 0 ∘ ; however, this is because the broken specimen is clamped by the loading platens.
The final failure pictures, the ultimate principal strain contours, and the results from numerical simulation are summarized in Table 3 . It is clearly seen that three subfigures match each other well, and the effectiveness and validity of the digital image analysis can be proved. However, no visible macrocrack was observed in the final failure pictures for three specimens: M20-4-54, M20-5-72, and M25-5-72. Actually, damage does exist and it can be clearly seen by the utilization of the DIC method. No visible macrocrack on the pictures may be due to the restraint from the paint sprayed onto the rock surface. This further confirms the superiority of the DIC method. Table 3 shows the ultimate failure patterns for discs with various lengths (2 = 15 mm, 20 mm, and 25 mm) oriented at 36 ∘ , 54 ∘ , and 72 ∘ . For the cracks inclined at 36 ∘ , a secondary crack only occurs if the length of the preexisting crack is 25 mm, and only a single one appears on one side from the disc boundary. For the cracks oriented at 54 ∘ , secondary cracks occur in discs with all length cracks. An individual secondary crack appears in the disc with a 15 mm long preexisting crack, while a pair of secondary cracks occur in the specimens with longer preexisting cracks, that is, 20 mm and 25 mm. If the inclination angle is 72 ∘ , pairs of secondary cracks appear no matter how long the preexisting crack is. Therefore, it is concluded that a more inclined and longer preexisting crack facilitates the generation of secondary cracks. In addition, that the length of the preexisting crack takes no effect on the new generated cracks initiation and propagation was also inferred.
Conclusion
The fracture process of Brazilian discs with different lengths preexisting cracks oriented at various angles, that is, 0 ∘ , 18 ∘ , 36 ∘ , 54 ∘ , and 72 ∘ , was investigated with the aid of the DIC method in the present study. The DIC method reveals the initiation and propagation of the primary wing cracks Note. In the specimen number, M means marble, the first number means the length of the preexisting crack, the second number means the serial number, and the third number represents the inclination angle.
and secondary cracks explicitly. The results show that the bearing capacity and failure patterns of the notched discs are greatly affected by the inclination angle and the length of the preexisting crack. The bearing capacity of the notched discs exhibits an early decrease and later increasing trend with increasing inclination angle and the peak load obviously decreases for a longer preexisting crack. Both of the opening or closure of the preexisting crack and its maximum closing displacement are influenced by the inclination angle and the length. Moreover, the effect of the orientation is much greater. The initiation position of the primary wing crack deviates from the tips of the preexisting crack as the inclination angle increases; however, the length seems to make no difference. A more inclined and longer preexisting crack facilitates the generation of secondary cracks.
Although the numerical simulation method is currently more and more popular, field tests and laboratory experiments will not be replaced by numerical simulation methods. A full-field strain distribution and its evolution process can be presented by the DIC method, in which the observation of crack initiation and propagation can be easily realized during in situ tests and laboratory experiments. In addition, the DIC method can also be used to monitor the crack opening displacement. In general, this method will be a good choice for the investigation on the damage evolution mechanism of the fractured rock and it also provides a good way to establish the constitutive model for the jointed rock.
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